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1. INTRODUCTION
Many researchers all over the world are carrying out a tre-
mendous eﬀort to produce more eﬃcient and less expensive
solar cells. From the last two decades, a new type of cell, known as
sensitized solar cells,1 has been studied to develop low-cost photo-
voltaic devices. In this type of cell, a light absorbing material,
generally a molecular dye, is photoexcited, and the photogener-
ated electrons and holes are quickly transferred into two diﬀerent
transportingmedia. As electron and holes are separated, electron
hole recombination in the absorber material is strongly reduced,
and the quality requirements of the materials are then signiﬁ-
cantly relaxed, which consequently can reduce the cost of the cell.
Strong eﬀorts of industrialization of dye solar cells (DSCs)
have revealed the technical complication of the sealing step of the
conventional liquid DSCs modules designed for long-term appli-
cations. As a consequence, there has been a strong interest to
develop solid-state variations of this technology to avoid the use
of liquid electrolytes. Very recently a solid DSC has been report-
ed showing an NREL-certiﬁed 6.08% eﬃciency based on an
organic dye (C220) and the organic compound spiro-OMeTAD
as a hole-transporting material,2 which illustrates both the inter-
est and the rise of eﬃciencies in this kind of solid devices.
In parallel, in the last years, the use of inorganic semiconductor
materials instead of molecular dyes in the sensitized cell conﬁg-
uration has attracted an enormous interest.37 Inorganic semi-
conductor materials have high extinction coeﬃcients and large
intrinsic dipole moments, and their bandgap can be tuned using
the quantum conﬁnement eﬀect appearing by reducing the parti-
cle size.8 These propertiesmake such inorganic sensitizers extremely
attractive as materials for photovoltaic applications. Many diﬀer-
ent semiconductors have been investigated for this purpose.37
Among them, Sb2S3 has shown a remarkable performance in all-
solid sensitized cell conﬁgurations. Besides, some work has also
been carried out with the Sb2S3 sensitizer in liquid cell conﬁ-
guration.9,10 At present, there is an increasing interest on this
material because Sb2S3-based solar cells based in solid con-
ﬁguration have reached 5% eﬃciency,11 very close to the eﬃci-
encies reported for solid DSCs using molecular dyes. Diﬀerent
hole conductor materials have been employed for the prepara-
tion of Sb2S3-sensitized solar cells. The ﬁrst signiﬁcant results were
attained using the inorganic p-type semiconductor CuSCN,1214
reporting a 3.7% eﬃciency.14 Other hole conductor materials
have been also employed such as spiro-OMeTAD15 or poly(3-hexyl-
thiophene) (P3HT),11 obtaining 3.1 and 5.1% eﬃciency under
1 sun illumination, respectively. These results show the potentiality
of all-solid Sb2S3-sensitized solar cells as a candidate to achieve
robust, eﬃcient, and cheap photovoltaic devices.
Further enhancement in solid Sb2S3-sensitized solar cells can
be expected for the next future, but the improvement of their per-
formance is currently limited by the lack of a deeper knowledge
on the main parameters determining the photoelectric behavior.
Impedance spectroscopy (IS) is known as a technique capable of
separating the processes occurring at diﬀerent parts of a sensi-
tized cell, allowing us to obtain important parameters aﬀecting
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ABSTRACT: All-solid semiconductor-sensitized solar cells lack
models allowing their characterization in terms of the fundamental
processes of charge transport and recombination. Nanostructured
TiO2/Sb2S3/CuSCN solar cells were characterized by impedance
spectroscopy, and a model was proposed for this type of cells. One
important feature resulting from this analysis was the hole transport
diﬀusion, which could be assimilated to a series resistance aﬀecting
the cell ﬁll factor. The other important feature was the recombina-
tion rate, which could be described in a similar manner as other cells
using nanostructured TiO2 electrodes and which had an important
impact on the open circuit. A simulation of the currentvoltage
curves using such model allowed us to get an approximate quanti-
ﬁcation of the losses caused by each process and to evaluate the
possible improvements on the performance of this kind of cell.
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the cell performance, such as the carrier conductivity, the lifetime,
the diﬀusion coeﬃcient, the diﬀusion length, the chemical capac-
itance, or the recombination resistance.1618 This technique has
been employed in solid DSCs using spiro-OMeTAD as solid
hole transport material. In this case, it was found that the main
limitation of such solar cell could be attributed to the high trans-
fer rate at the interface between TiO2 and spiro-OMeTAD, which
decreased the diﬀusion length and lifetime of the solid DSC.19
Despite the intensive use of IS in liquid semiconductor (or quantum
dot) sensitized solar cells,10,17,2024 there are very few examples
of themodeling and analysis of all-solid semiconductor sensitized
solar cells (SSCs). Very recently we have reported the modeling
and characterization of nanocolumnar ZnO/CdSe/CuSCN
solar cells,25 showing that diﬀerent processes taking place in an
all-solid sensitized solar cells can be properly separated and
analyzed by IS.
Here we show the characterization, the modeling, and the
analysis of nanostructured TiO2/Sb2S3/CuSCN solar cells using
IS. We show that at least two processes can be clearly separated.
One is the hole transport, which introduces an additional series
resistance that reduces the ﬁll factor (FF). The other process is
the recombination, the Sb2S3 cell presents a larger recombination
than other sensitizers such as CdS or the molecular dye N719,
which limits the open circuit potential, Voc. This study highlights
the main current limiting factors of these cells, and ﬁnally it indi-
cates the potential increase in the cell performance that can be
expected by changing those factors via a simulation work.
2. EXPERIMENTAL SECTION
A scheme of the SSC is shown in Figure 1. The solid solar cells
were prepared as follows. Commercial F-doped SnO2 transpar-
ent conductive oxide (TCO) glasses from Asahi Glass Cie were
used as the front contact. The TCO substrate size was 2.5 
2.5 cm, and it was designed to contain two cells with an active
surface of 0.54 cm2 each. A hole-barrier compact layer made of
TiO2 of ∼2050 nm thickness was deposited on the top of the
TCO by spray pyrolysis.26 Then, porous nanocrystalline TiO2
ﬁlms of∼3 μm thickness,∼4050 nm average particle size, and
150300 roughness factor were deposited using a homemade
aqueous alkaline TiO2 colloid and a manual doctor blading tech-
nique, as described in ref 27. Deposition of antimony sulﬁde
coating on the nanocrystalline TiO2 ﬁlms was done by chemical
bath deposition (CBD). The CBD bath was prepared12 by mix-
ing a fresh 1 M solution of SbCl3 in acetone with a 1 M Na2S2O3
cold aqueous solution plus an additional volume of cold water so
as to have ﬁnal concentrations of Sb3+ and S2O3
2 of∼0.025 and
∼0.25 M respectively. The CBD solution was quickly poured in
the CBD recipient, where the TCO/TiO2 substrates were placed
vertically, and the recipient was left in a refrigerator at∼7 C for
2 h. Then, the samples were quickly rinsed with deionized water
and dried by ﬂowing nitrogen. Afterward, the samples were anne-
aled in a nitrogen glovebox at 320 C for 20 min and left to cool
to RT in the same glovebox, where they remained stored until the
next fabrication step was carried out. Before CuSCN deposition,
an alkaline thiocyanate (MSCN) pretreatment was carried out14,27
as follows: a small volume of 0.5 M KSCN aqueous solution was
poured on the top of the TiO2/Sb2S3 sample, left there for 30 s
for good inﬁltration, and dried by N2 blowing. The CuSCN de-
position was made by impregnation and evaporation of a CuSCN
solution in dipropyl sulﬁde, a method similar to that reported for
solid DSC cells of the type TiO2/dye/CuSCN.
28,29 In particular,
we used a homemade machine similar to that used in ref 29.
CuSCN deposition was done in an ambient atmosphere with the
sample heated to 80 C. The concentration of the impregnation
solutionwas slightly under-saturated, and such solutionwas spread
at a rate of ∼30 μL/min over a surface of ∼2  2.5 cm for a
typical impregnation time of 5 min, followed by a few additional
minutes of drying in the same hot plate at 80 C. The cell was
completed with a back-contact gold layer of ∼40 nm thickness
deposited by thermal evaporation using an Edwards 306 evapora-
tor. Cells with longer CuSCN deposition times of 15 and 25 min
were also fabricated to analyze the eﬀect of the hole transporter in
the cell performance. Additionally, blank cells without deposit of
Sb2S3 were fabricated for comparisons with the completed cells.
The procedure of fabrication of the blank cells was similar to the
Sb2S3 cells (including the KSCN pretreatment), but the CuSCN
deposition time was slightly longer (6 min instead of 5 min) to
account for the larger pore volume of the ﬁlm without the
sensitizer deposit.
The completed cells, which were not sealed, were stored,
transferred, and measured in a dry air atmosphere (synthetic air
(20% O280% N2) from a cylinder). Because of the important
eﬀect caused by the initial light soaking and the choice of the gas
atmosphere in contact with the cell,14 an initial light soaking
treatment was carried out for 2 h. During this initial treatment as
well as in the subsequent electrical characterization the cells were
placed in a special sealed metal holder, allowing us to keep the
cells under a small dry air (synthetic air) ﬂow atmosphere, while
also providing the electrical contacts, a cell temperature control
system, and the masked windows to have a constant active sur-
face of 0.54 cm2. During the initial like soaking treatment, the
cells were placed under 1 sun illumination at 40 C under dry air
ﬂow at open circuit, while collecting currentpotential (JV)
scans every 10 min. This initial light soaking treatment allowed
an important increase in the initial performance and an accept-
able stabilization.
Electrical measurements under illumination were performed
using an Abet Solar Simulator. The light intensity was adjusted
according to anNREL-calibrated Si solar cell with a KG-5 ﬁlter to
one-sun intensity (100 mW cm2).
IS measurements were performed by applying a small voltage
perturbation (20mV rms) at frequencies from 1MHz to 1Hz for
diﬀerent forward bias voltages. ISwasmeasured under dark conditions
and under 1 sun illumination conditions. IS and JV curves were
measured using an Autolab PGSTAT-30 equipped with a frequency
analyzer module.
Figure 1. Schematic of the all-solid nanostructured TiO2/Sb2S3/
CuSCN solar cell structure.
C dx.doi.org/10.1021/jp210002c |J. Phys. Chem. C XXXX, XXX, 000–000
The Journal of Physical Chemistry C ARTICLE
We also carried out a comparative investigation of the Sb2S3-
based cells with blank cells as well as with other sensitizers, in
particular, the semiconductor CdS and the organometallic dye
N719. To do so, we prepared bare TiO2 and TiO2 sensitized with
Sb2S3, CdS, or N719 electrodes. The size of the substrates was
1.25 1.25 cm. They were fabricated with the same TCO, com-
pact TiO2 layer and nanocrystalline TiO2 layer as the solid cells.
For the TiO2/Sb2S3 electrodes, the Sb2S3 was deposited by CBD
and annealed as above-mentioned; no further treatment was
carried out. For the TiO2/CdS electrodes, the CdSwas deposited
by SILAR (15 cycles),27 and they were not annealed. For the
N719 dye sensitization, the TiO2 substrates were left overnight in
a 0.3 M solution of N719 in ethanol. The diﬀerent photoanodes
were measured in a liquid cell conﬁguration, that is, by the addi-
tion of a liquid electrolyte instead of the CuSCN. We used a
three-electrode cell with an Ag/AgCl as reference electrode and a
Pt wire as counter-electrode. The electrolyte was 0.05 M I2 and
0.5 M LiI in methoxypropionitrile solvent. It is known that many
semiconductors are not stable with the I/I3
 redox couple, but
the use of a nonaqueous solvent and the fact that the measure-
ments were carried out under dark conditions gave a short-term
stability to the photoanodes.3 The stability of the electrodes was
veriﬁed comparing the dark JV curves before and after IS mea-
surements. No change in electrode coloration was observed after
IS measurements under dark. Therefore, we can consider that
the electrodes were stable during the three-electrode IS dark
measurements.
Tomakemore accurate calculations of theCuSCN resistivities,
we measured the thicknesses of the TiO2 ﬁlm and the CuSCN
outer-layer in the cross sections of the cells by using a ﬁeld-emis-
sion scanning electronmicroscope (FE-SEM)Hitachi S-4700.These
thicknesses were measured at diﬀerent points along the active
surface, and an average value was taken for the calculations.
Ionization potentials (IPs) were measured by ultraviolet photo-
electron spectroscopy in air (PES-air) using an AC-2 Riken Keiki
apparatus. The value of the IP was obtained by ﬁtting typically to
the cubic root of the yield. The ﬁtting to the cubic root instead of
the square root (ﬁtting criterion done in ref 27) is more appro-
priate for semiconductor materials because it is closer to a linear
ﬁtting.
3. RESULTS AND DISCUSSION
TheModel. Figure 2 shows typical examples of the impedance
spectra (Nyquist plots) obtainedwith these all-solid TiO2/Sb2S3/
CuSCN solar cells under 1 sun illumination at different voltages.
In Figure 2a, three different features can be identified: (i) an arc
at high frequency, (ii) an arc with a linear part resembling a trans-
mission line (TL) behavior, observed at intermediate frequen-
cies, and (iii) a negative capacitance behavior observed at low
frequencies.
The negative capacitance feature has already been observed
in diﬀerent kinds of all-solid solar cells.30 Its exact origin remains
unclear, but it cannot be attributed to a diﬀusion process like the
one observed at low frequencies in liquid DSC. In any case, a
negative capacitance has a deleterious eﬀect on solar cell perfor-
mance.30 This feature changes from cell to cell (and with voltage),
and for some cells (Figure 2b,c), the contribution of such nega-
tive capacitance is signiﬁcantly lower than that in other cells
(Figure 2a).
The distorted arc at intermediate frequencies appearing in
Figure 2a can be certainly attributed to a TL behavior because
this is the typical signature of the TL in DSCs and other sen-
sitized cells, in particular, when using TiO2 electrodes. Indeed,
the working principle of SSCs somewhat resembles that of liquid
DSC and liquid QD-sensitized solar cells in the sense that the
electrons and holes photogenerated in the sensitizer are injected
in the nanoporous TiO2 and the hole-transporting material, res-
pectively. Impedance models have already been developed for
such cells.17,23,31 The main feature of their impedance spectra is a
Figure 2. (a) Example of Nyquist plot under 1 sun illumination of a cell
(not listed in Table 1) at 200 mV applied bias. (b) Example of Nyquist
plot under 1 sun illumination of cell 4 (Table 1) at 250 mV applied bias.
(c) As in panel b but comparing at two applied bias of 250 and 500 mV.
(d) Complete equivalent circuit to ﬁt the impedance spectra. (e)
Simpliﬁed equivalent circuit to ﬁt the impedance spectra for the case
of electron transport resistance in TiO2 much lower than recombination
resistance, where the transmission line (TL) element is replaced by a
parallel RrecCμ subcircuit. Solid lines in panels ac are the ﬁtting
curves to the equivalent circuit (panels d or e), except for the negative
capacitance part.
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TL behavior observed at intermediate frequencies,17,31 similar to
the one found here. No clear TL behavior was found for another
solid cell previously investigated, the nanocolumnar ZnO/CdSe/
CuSCN solar cells,25 where recombination was modeled diﬀer-
ently, whereas in the present cell, this TL behavior is quite clear.
The TL feature is originated by the transport of electrons through
the TiO2 nanostructured network coupled to the recombination
between the electrons in one side of the interface (the TiO2) and
the holes on the other side of the interface. It is characterized by a
recombination resistance, Rrec, in parallel with a chemical capa-
citance,Cμ. The chemical capacitance is related to the variation of
the electron Fermi level in the TiO2 caused by the variation of the
electron density as a function of the voltage.17 The size of the TL
arc decreases as the applied forward bias increases. (See Figure 2c.)
This behavior is typical of TL and is due to an increase in re-
combination (decrease in Rrec) with the increase in the electron
density. As the electron Fermi level in the TiO2 increases with the
increasing applied voltage, the transport resistance of electrons
through TiO2 becomes smaller, leading to the disappearance of
the straight line behavior of the TL. This is what happens in
Figure 2c for an applied voltage of 500 mV. In this case, the TL
model can be simpliﬁed to a parallelRC subcircuit, whereR is the
recombination resistance,Rrec, andC is the chemical capacitance,Cμ.
The arc at high frequencies can be assigned to a fast diﬀusion of
holes through the hole transporting material, by similarity with
what has been proposed for other solar cells using CuSCN and
with single layers of CuSCN.25 The expected feature for a diﬀu-
sion process is a Warburg circuit, consisting of a straight line,
which closes into an arc.32 For most of the TiO2/Sb2S3/CuSCN
solar cells analyzed in this work, thisWarburg feature is rarely ob-
served, and usually only an incomplete arc is obtained (Figure 2b,
c). This is quite diﬀerent from the nanocolumnar ZnO/CdSe/
CuSCN cell,25 in which it was the linear part of the Warburg
circuit that was observed instead of the closing arc. In the present
case, it is more convenient to simplify the model of such feature
to a parallel RC subcircuit to avoid overparameterization of the
ﬁtting. In that simpliﬁed model, the resistive component (named
RCuSCN) can be assigned to a hole transport resistance. The capa-
citive part of such subcircuit consists of a combination of the geo-
metric capacitance and (hole) carrier accumulation in theCuSCN
phase. Such capacitance part is not further analyzed in this work.
As shown in Figure 2c, the size of this arc decreases as the applied
forward bias increases; this could be due to an increase in con-
ductivity in CuSCN (decrease in RCuSCN) as the hole density
increases with the forward bias. In liquid DSCs or liquid quantum
dot SSCs, the additional arc at low frequencies (at the right of the
TL arc in the Nyquist plot) is related to a Warburg behavior due
to the slow diﬀusion of the redox couple in the electrolyte phase.
This feature in DSC resembles the arc related to the hole trans-
port found in the all-solid cell of this work, with the important
diﬀerence that the latter appears at high frequencies (at the left of
the TL arc in the Nyquist plot). This is certainly due to the faster
hole transport in the solid phase. In liquid DSCs or in liquid quan-
tum dot SSCs, an arc appears at higher frequencies, which has
been assigned to the charge transfer between electrolyte and the
counter electrode;17,31 no equivalent feature has been found in
the all-solid cells of this work.
Consequently, the impedance spectra of the all-solid TiO2/
Sb2S3/CuSCN solar cells can be modeled and ﬁtted to the
equivalent circuit depicted in Figure 2d, excluding the negative
capacitance part and adding a series resistance, Rs, due to contact
eﬀects. When the eﬀect of electron transport through the TiO2 is
not visible (no linear part in the TL arc), the equivalent circuit
can be simpliﬁed to the one shown in Figure 2e.
In what follows, we will show the application of such model to
analyze the hole transport and the recombination processes in
this kind of cell.
Hole Transport.To obtain information on the hole transport,
we extracted and analyzed the different parameters resulting
from the fitting of the impedance spectra of these cells at different
applied voltages, in particular, on the arc at high frequencies. We
investigated a set of cells prepared varying the CuSCN deposi-
tion time (two cells for each time: standard time of 5 min and
longer times of 15 and 25 min). Figure 3 shows the JV curves
corresponding to such cells, and Table 1 summarizes the cell
characteristics, their photovoltaic performance, and the average
thicknesses of the TiO2 film and CuSCN outer-layer. We have to
stress that there is some dispersion on the TiO2 film thickness due
to the fact that the deposition step is done manually. As shown in
Table 1, there is a correlation between the CuSCN deposition
time and the thickness of the CuSCN outer-layer present on the
top of the TiO2 film. Themain difference observed in the cell per-
formance of this set of cells is the decrease in the FF for the cells
with a CuSCN deposition time longer than the standard time
of 5 min.
Figure 4 shows the values of RCuSCN and RCuSCN + Rs for the
cells of Table 1 obtained from the ﬁtting of the IS measurements
under 1 sun illumination at diﬀerent voltages using the model
described previously. The values of RCuSCN are <30Ω 3 cm
2 and
decrease somewhat with the applied voltage (Figure 4a). The
values of RCuSCN + Rs (that take into account the total series
resistance of the sample) are also of the similar magnitude and
more constant with the applied voltage (Figure 4b). Cells with
the thinnest CuSCN layer (5 min of CuSCN deposition time)
always present the lowestRCuSCN values (Figure 4a), and they are
Figure 3. JV curves at 1 sun illumination (AM1.5 G) of a set of cells
with diﬀerent CuSCN deposition times, as indicated in the labels. (See
photovoltaic parameters and measured thicknesses in Table 1.)
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typically <10 Ω 3 cm
2. Taking into account the relative small
magnitude of RCuSCN values and their small variation with the
applied voltage, the hole transport resistance, RCuSCN, can be
considered to act as a series resistance from the point of view of
cell performance. To analyze the FFs of the diﬀerent cells, the
total series resistance of the cell has to be taken into account. We
have considered as a valid approximation to the total series resi-
stance the sumRCuSCN+Rs, where the series resistance coming from
the electron transport in the TiO2 is neglected due to the
absence of the linear part in the TL arc. Therefore, as shown in
Figure 4b, cells 1 and 2 present the lowest total series resistance,
which is in agreement with the highest FFs obtained for these
cells. (See Table 1.) However, there is another important con-
tribution in the FF, which arises from the recombination. There-
fore, the eﬀect of CuSCN deposition time on the recombination
has to be veriﬁed also. This is discussed in the paragraph concer-
ning recombination.
We have also estimated the conductivity of the total CuSCN
layer, σCuSCN, as σCuSCN = L/RCuSCN, where L is the length
traveled by the holes, which is calculated as the sum of the
CuSCN outer-layer thickness and the thickness of TiO2 ﬁlm
(ﬁlled of CuSCN) divided by 2 (to account from the fact that the
photogenerated holes along TiO2 layer do not travel the same dis-
tance inside the nanostructure). The obtained values of σCuSCN
(Figure 4c) are scattered by a factor three of dispersion range,
with no correlation with L, as it was expected. In addition, the
values of σCuSCN are similar to ones previously reported.
25
These results are an additional conﬁrmation that the arc at
high frequencies corresponds to the hole transport. They show
that such hole transport has a non-negligible incidence on the FF,
as a contribution to the total series resistance. Such impact is
evaluated more in detail with a simulation of the cell JV curve
and the cell performance by varying the impedance parameters,
which is shown in the ﬁnal paragraph.
Recombination. Another important factor on the solar cell
performance is the recombination process. After the separation
of photogenerated carriers, they can recombine before arriving
to the extracting selective contacts, reducing the cell efficiency.
Recombination is oneof themain factors limiting the cell performance.
Figure 5 shows the comparison of the recombination resis-
tance, Rrec, of the diﬀerent solid cells analyzed in this work and
also some blank cells (no Sb2S3 sensitizer). For the sake of sim-
plicity, only half of the cells of Table 1 (cells 2, 4, and 6) are
plotted, the other half showing the same tendency. The values of
Rrec were obtained from the ﬁtting of IS to the equivalent circuits
shown in Figure 2d,e, in particular, in the arc at intermediate
frequencies. The IS values were recorded in the dark to make a
proper comparison with the blank cells (which cannot deliver
photocurrent). Rrec is plotted against a corrected voltage scale,
which is the voltage drop in the sensitized electrode, VF, obtained
by subtracting the voltage drop in the series resistance from the
applied bias, Vapp.
17,31 Rrec follows an exponential decrease with
the voltage (a straight line on the logarithmic scale, as in Figure 5).
It changes by about four to ﬁve orders of magnitude in the poten-
tial range 0 to 0.6 V. This exponential behavior is typical of a re-
combination resistance on TiO2-based cells. Only at low poten-
tials does the plot of log Rrec versus VF ﬂatten down for the Sb2S3
cells, but this is probably due to the contribution of a shunt resi-
stance. At 1 sun illumination (data not shown here), the recom-
bination resistance is lower than in the dark, by about two to
three orders of magnitude less, as a consequence of the higher
electron density occurring during illumination.
The recombination resistances of the Sb2S3 cell numbers 2, 4,
and 6 are very similar, indicating that the recombination is inde-
pendent of the hole transporting media thickness and that it is
related to an interfacial process, like in liquid DSCs. This simi-
larity is in agreement with the very close Voc values (as the photo-
current, Jsc, is also very close). Therefore, because the contribu-
tion of the recombination in the FF is similar, the diﬀerences
appreciated in cell performance between the cells manufactured
with 5 min of CuSCN deposition time and the cells prepared
with longer deposition time can be unambiguously attributed to
the higher series resistance of the latter due to a higher RCuSCN,
resulting in a lower FF.
Figure 5 also shows the comparison of the recombination
resistance of the complete nanostructured TiO2/Sb2S3/CuSCN
cells with the blank cells (nanostructured TiO2/CuSCN without
Sb2S3 sensitizer). According to the plot, there is a lower recom-
bination rate (higher Rrec) between electrons in the TiO2 and
holes in CuSCNwhen Sb2S3 is not present because the diﬀerence
in Rrec between Sb2S3 and blank cells is of more than two orders
of magnitude for a given VF. Hence, after Sb2S3 coating, the
recombination rate increases. Taking into account the fact hat
Sb2S3 does not completely cover the TiO2 surface,
14 it appears to
be quite certain that Sb2S3 has a direct role in the recombination
process, enhancing such a process probably through surface states
in the Sb2S3.
To make a proper and deeper comparison of the recombina-
tion, one should take into account the fact that the recombination
rate, which is potential dependent, depends on the level of the
CB of the TiO2. This level can change depending on diﬀerent con-
ditions. In particular, it has been shown that the coating of the
TiO2 surface can produce a shift on the position of the CB of
TiO2,
20,31,33 in a similar manner as molecular dipoles or electro-
lytes can shift its CB level.33
We carried out, ﬁrst, an approximate determination of the
energy band diagram of the TiO2/Sb2S3/CuSCN cell (Figure 6).
This was done by using the IPs values obtained with an ultraviolet
Table 1. Photovoltaic Parameters of TiO2/Sb2S3/CuSCN Solar Cells with Diﬀerent CuSCN Deposition Times, Measured from
the JV curves at 1 Sun Illumination Corresponding to Figure 3, and Average Measured Thicknesses of the TiO2 Film and the
CuSCN Outer Layer on Top of the TiO2, Measured by SEM
code: cell number and CuSCN deposition time cell 1 5 min cell 2 5 min cell 3 15 min cell 4 15 min cell 5 25 min cell 6 25 min
Voc (V) 0.60 0.57 0.60 0.60 0.55 0.55
Jsc (mA cm
2) 9.98 10.14 10.78 9.73 9.59 9.80
FF 0.53 0.56 0.35 0.38 0.33 0.41
eﬃciency (%) 3.20 3.25 2.27 2.21 1.75 2.19
TiO2 thickness (μm) 2.3 3.1 2.4 1.7 3.5 3.4
CuSCN outer-layer thickness (μm) 0.5 0.7 1.6 1.6 2.8 2.3
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photoelectron spectroscopy (PES) (with a unique PES spectro-
meter which carries out the measurement in air, named PES-air).
The values of the IP were obtained from the ﬁtting of the PES spec-
tra measured on TiO2/Sb2S3 or TiO2/CuSCN ﬁlms, and they
were assigned directly to the VB of Sb2S3 and CuSCN, respec-
tively. The conduction band (CB) of Sb2S3 was calculated by sub-
tracting the VB value from the optical bandgap obtained from the
UVvis spectra of TiO2/Sb2S3 ﬁlms. For comparison, a similar
band diagram was added for a TiO2/CdS/CuSCN cell,
27 where
CdS was deposited by SILAR technique. These IP values have a
signiﬁcant uncertainty (due to a dispersion of∼0.2 eV), but this
Figure 4. Resistances or conductivity at 1 sun illumination at diﬀerent
applied voltages in cells with diﬀerent CuSCN deposition time, calculated
from the ﬁtting of the impedance spectra: (a) Transport resistance of holes,
RCuSCN. (b) Series resistance, Rs, plus hole transport resistance, RCuSCN +
Rs. (c) Electrical conductivity of the hole conductor layer, σCuSCN.
Figure 5. Recombination resistance, Rrec, under dark conditions for
diﬀerent applied voltages for diﬀerent TiO2/Sb2S3/CuSCN solar cells
(with diﬀerent CuSCN deposition times) and for blank TiO2/CuSCN
cells, calculated from the ﬁtting of the impedance spectra.
Figure 6. Energy band diagram of the nanostructured TiO2/Sb2S3/
CuSCN and TiO2/CdS/CuSCN solar cells. The VB of Sb2S3, CdS, and
CuSCN correspond to the ionization potential (IP) calculated by ﬁtting
the PES spectra in air, and the CB of the sensitizers was obtained by
subtracting the optical bandgap from the VB level.
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gives a good approximation for the band diagram, especially if they
are measured with the same machine and in the same manner.
The CB of TiO2 was taken from literature data to be 4.0 eV34
because the VB of TiO2 was outside the measurement range of
the PES-air apparatus. This energy band diagram is in agreement
with the fact that the TiO2/Sb2S3/CuSCN cell shows a good
quantum eﬃciency (the same for the TiO2/CdS/CuSCN cell
27)
because the CB and VB of the Sb2S3 sensitizer are above and be-
low that of the CB of TiO2 and VB of CuSCN, respectively. The
Voc is determined by the diﬀerence between the electron Fermi
level in TiO2 and the hole Fermi level in CuSCN. The maximum
photovoltage that can be attained for a nanostructured TiO2/
sensitizer/CuSCN conﬁguration is around 1.3 V, which is the dif-
ference between TiO2 CB and CuSCN valence band (VB). This
diagram, hence, gives an approximate picture of the diﬀerent
levels and some idea on the maximum Voc, but we still lack the
information about the possible shift of the CB level of TiO2 with
the presence of the sensitizer.
One way to quantify that shift can be done by IS, in particular,
by comparing the relative shift in the chemical capacitance, Cμ, of
diﬀerent cells, which is directly assigned to a shift in the TiO2 CB
position. One procedure has been proposed, which consists of
creating a common voltage scale, named the common equivalent
CB voltage,Vecb,
17,20,31,33 which allows representing the recombina-
tion resistance on a proper voltage scale once the CB shift has
been removed.
Because we lack suﬃcient information on the CuSCN materi-
al, the investigation on the possible CB shifts of TiO2 caused by
the sensitizer would be more accurate if a redox couple in a liquid
electrolyte is used as a good potential reference. Hence, we
carried out a comparative study of the CB shift and the recom-
bination rate in the corrected scale of diﬀerent sensitizers by
using a liquid cell conﬁguration. The Sb2S3 cell was compared
with the bare TiO2 without any sensitizer and with other sen-
sitizers, in particular, the CdS semiconductor and the N719
molecular dye. The sensitized electrodes were analyzed in an
electrochemical three-electrode cell using a liquid electrolyte
with the well-known I/I3
 redox couple. All sensitized electro-
des were stable during the IS measurements under dark, as it is
discussed in the Experimental Section. The obtained impedance
spectra were ﬁtted using the previously reported models applied
to liquid DSCs or SSCs cells,17,31 which allowed us to obtain the
Figure 7. (a) Chemical capacitance, Cμ, at diﬀerent applied voltages
measured in a three-electrode liquid cell conﬁguration under dark
conditions for TiO2 electrodes sensitized with diﬀerent materials
(Sb2S3, CdS, N719 dye, no sensitizer). The relative displacement of
theCμ plots is directly related to a relative shift in the conduction band of
TiO2. The similar shape of the Cμ plots for all electrodes indicates that
the same density of states are being populated by electrons. (b)
Recombination resistance, Rrec, in the same liquid cell conﬁguration
versus the common equivalent conduction band voltage, Vecb. (The
applied voltage scale of each electrode has been displaced to compare the
resistance at the same CB level, using the shifts calculated from the plot
in panel a.)Cμ and Rrec were calculated from the ﬁtting of the impedance
spectra to the models of liquid SSCs mentioned in the text.
Figure 8. Simulated and experimental JV curves of Cell 1 obtained by
varying several parameters: the hole transport resistance, the series
resistance, the recombination resistance, the photocurrent, and the four
parameters altogether. Procedure and equation for the simulation is
given in the text.
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chemical capacitance and the recombination resistance. Figure 7a
shows the Cμ plotted against the reference electrode potential.
Cμ increases exponentially with the voltage (straight line in the
logarithmic plot), as expected from the theoretical basis. The
slope of the log Cμ versus the potential for all four electrodes is
similar in the region of intermediate potentials, indicating a simi-
lar density of states. There is no signiﬁcant shift of Cμ between
the bare TiO2 and Sb2S3-sensitized electrodes, whereas a shift of
∼100 mV is observed for the CdS- and N719-sensitized electrodes,
its direction corresponding to a downward shift of the TiO2 CB.
Then, the plot of the recombination resistance was rescaled as
a function of the common equivalent CB voltage, Vecb,
17,20,31,33
taking into account the shift in Cμ to remove the eﬀect of the
TiO2 CB position. Figure 7b shows the recombination resis-
tances of these four electrodes plotted on such a corrected Vecb
scale. It is clear that the Sb2S3 cell shows the lowest recombina-
tion resistance (highest recombination rate), in particular, much
less than the bare TiO2 electrode, being the one with the molecular
dye N719 the system with the highest recombination resistance.
We have to point out, though, that the recombination in liquid
SSCs depends on many factors, such as the type of semiconduc-
tor sensitizer,17,20 the method of deposition,35,36 the use of addi-
tional coatings,33,37 or the type of electrolyte.38 More concretely,
it has been recently observed that the recombination of bare
TiO2 electrodes was lower or higher than the recombination of
TiO2 coated with the CdSe sensitizer
38 depending on the electro-
lyte (concretely on the NaOH and/or S concentrations in
aqueous polysulﬁde electrolytes). Therefore, the results obtained
with the liquid conﬁguration have to be taken with caution.
However, since the tendency observed with the liquid cell
conﬁguration is the same as the one obtained with the solid cells
(comparison of Rrec in the dark of cells with and without Sb2S3,
Figure 5), we can conclude that this type of cell shows a large
recombination rate rather than a shift of the CB of TiO2.
The comparison with the CdS sensitizer is also interesting. In a
previous work with the TiO2/CdS/CuSCN cell,
27 with a con-
ﬁguration similar to the present cell, a maximum Voc of 0.85 V
was obtained, which is signiﬁcantly higher than the ones obtained
in this work for the TiO2/Sb2S3/CuSCN cell (0.55 to 0.60 V). As
previously mentioned, the maximum theoretical Voc could be
∼1.3 V (Figure 6). The fact that the CdS cell showed a much
higher Voc can be explained by the much lower recombination
rate than the Sb2S3 cell, even if the CdS could be less favorable
because of the downward shift of the CB of TiO2. Indeed, the
highest Voc value reported for Sb2S3-sensitized cells is∼0.65 V11
for a cell using a conducting polymer as hole conductor, which is
still far away of the theoretical maximum.
This result demonstrates, then, that recombination is limiting
the solar cell performance of the present Sb2S3 cells, and it could
be related to the nature of the Sb2S3 coating itself.
Simulation of Cell Performances. Finally, to quantify the
main losses and possible improvements in this type of cell, we
simulated the solar cell performance playing with the main limi-
ting factors found from the impedance analysis. The simulations
have been done following the procedure previously described17
and by using the diode equation
j ¼ jsc  j0ðexp ðqβðVapp  j 3 RseriesÞ=kBTÞ  1Þ ð1Þ
where q is the elementary charge, kB is the Boltzmann constant,
T is the temperature,Rseries is the total series resistance (in our case
RCuSCN + Rs), β is the electron density exponent of a nonlinear
recombination model, and j0 is the dark diode current, which is
related with the recombination rate.17 Figure 8 shows the dif-
ferent simulated JV curves obtained with Cell 1, compared with
the experimental curve. The photovoltaic parameters obtained
from the JV curves of Figure 8 are summarized in Table 2. We
can observe that the cell efficiency would increase by∼25% if the
hole transport resistance was made zero, due to an increase in FF.
This loss in FF due to the hole transport resistance is lower than
that caused by the series resistance due to the contacts (∼35%
Rs = 0), but it is still significant. Indeed, if any of these resistances
is made zero, then the FF increases to very reasonable values
(FF≈ 0.70) and the cell efficiency increases by nearly 1% point.
If the recombination is reduced just by a factor 2, then the cell
efficiency would increase by more than 1% point (from 3.2 to
4.3%) due to the improvement of both Voc and FF. Therefore,
the recombination process is the main limiting factor in this kind
of cells. Concerning photocurrent, a value as high as 14.1mA/cm2
has been reported for the nanostructured TiO2/Sb2S3/CuSCN
system,13 and a photocurrent of 15 mA/cm2 is quite feasible to
be reached. A solar cell identical to Cell 1 but delivering a Jsc =
15 mA/cm2 would increase the efficiency by >2% points, up to
∼5.7%. Finally, an optimized cell which had negligible RCuSCN
and Rs, half a recombination rate, and 15 mA/cm
2 of photo-
current would show more than 8.5% cell efficiency (see Table 2),
that is, an increase of∼170% in cell efficiency, showing a reason-
able Voc of 0.73 V and a very high FF (0.78). In summary, this
simulation analysis using several parameters from the IS model
has shown and quantified the main losses for this type of cell,
notably the recombination loss and the hole transport resistance,
together with some possible loss in photocurrent, not considered
in the impedance model. Therefore, there is hopefully an impor-
tant margin for the optimization of the all-solid Sb2S3 sensitized
solar cells. This would require a deeper knowledge on the recom-
bination process, which may be linked to the sensitizer material
itself or the interfaces and also more information on the proper-
ties of the hole-conducting material.
Table 2. Simulated Photovoltaic Parameters of Cell 1 (Table 1) for Diﬀerent Conditionsa
ﬁtting parameters experimental RCuSCN = 0 RS = 0 j0 = j0‑Exp/2 higher Jsc optimized
Voc (V) 0.60 0.60 0.60 0.68 0.70 0.73
Jsc (mA cm
2) 9.98 9.98 9.98 9.98 15.00 15.00
FF 0.53 0.68 0.73 0.62 0.53 0.78
eﬃciency (%) 3.20 3.92 4.22 4.28 5.66 8.52
a Experimental (as Table 1); RCuSCN = 0 (without transport resistance through the CuSCN); Rs = 0 (without series resistance); j0 = j0‑Exp/2 (with half
recombination rate); higher Jsc (15 mA/cm
2 instead of 9.98 mA/cm2); optimized (including all improved parameters, that is, RCuSCN = Rs = 0, j0 = j0‑Exp/2,
Jsc = 15 mA/cm
2).
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4. CONCLUSIONS
All-solid nanostructured TiO2/Sb2S3/CuSCN solar cells have
been characterized by IS. A model has been proposed, allowing
us to distinguish between two main processes: the hole transport
and the recombination. The hole transport can be assimilated to
a series resistance that aﬀects the cell performance via the FF in a
non-negligible amount. The improvement of CuSCN conduc-
tivity or the use of alternative hole transporting materials with
better transport properties would enhance the cell performance.
The recombination process has been identiﬁed as the main limi-
ting factor in this kind of cells, limiting mainly their Voc. The
recombination rate of the nanostructured TiO2/Sb2S3/CuSCN
cell is much higher than the blank TiO2/CuSCN cell, indicating
an active role of Sb2S3 in the recombination process. In liquid
cells, the Sb2S3 also shows higher recombination rate than bare
TiO2, or TiO2 sensitized with CdS semiconductor or the N719
molecular dye. The improvement of the quality of Sb2S3 coating,
the use of alternative structures for the TiO2 electrodes,
24 or the
application of surface treatments33,37 could be some options to
reduce such recombination loss. Finally, the model presented in
this work can have important implications for the development
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